The murine hair coat consists of four different hair types that are characterised by hair length, the number of medulla columns, and the presence and number of bends. The molecular mechanisms underlying the establishment and maintenance of distinct hair follicle fates are unknown. We identify Igfbp5 as the first molecular marker that distinguishes among different hair follicle types. High-resolution expression analysis revealed that its expression in the medulla of hair shafts is associated with the bend-forming zones of zigzag hairs. To directly examine the functional importance of segmental gene expression in the hair follicle, we have generated transgenic mice expressing Igfbp5 in differentiating keratinocytes of the medulla and inner root sheath. Ectopic expression of Igfbp5 resulted in the appearance of remarkable curvatures and thinning of hair shafts, two hallmarks of hair bends. Both effects and the natural bending process are under negative control of IGF signalling. Thus, our data identify Igfbp5 as a central regulator of hair shaft differentiation and hair type determination. q
Introduction
The hair follicle is mainly an ectodermal derivative with a complex epithelial structure generated by common progenitor cells. Morphogenesis as well as hair shaft formation and hair growth cycles of the mature follicle are under the control of the dermal papilla, which is of mesenchymal origin. In recent years, several of these processes have been investigated at the molecular level. However, many aspects of hair follicle biology are still elusive. Because ectodermally derived structures such as hair, tooth, and mammary gland share developmental and regulatory pathways, the analysis of hair follicle biology provides an easily accessible model system of general interest.
During embryogenesis and early postnatal development consecutive waves of hair follicle induction give rise to four different hair types (designated guard, awl, zigzag, and auchene hairs) (Dry, 1926) . The morphogenetic waves show different requirements with respect to the expression of the TNF-like ligand EDA-A1, its receptor EDAR, and the BMP inhibitor Noggin (Botchkarev et al., 2002; Headon and Overbeek, 1999; Laurikkala et al., 2002) . Meanwhile, many genes that are involved in morphogenesis such as members of the WNT signalling pathway, BMP proteins, as well as SHH and its receptor patched have been identified (Andl et al., 2002; Botchkarev et al., 1999; Chiang et al., 1999) . Interestingly, most if not all of them appear to play also a role in the mature follicle as indicated by their expression patterns within the follicle and/or the results of genetic analyses. For instance, the family of Wnt genes shows a complex expression pattern in the fully developed follicle and ectopic expression of Noggin in the mature hair follicle inhibits normal hair shaft differentiation resulting in alopecia (Kulessa et al., 2000; Reddy et al., 2001) . While numerous reports have investigated various aspects of hair follicle morphogenesis and hair growth, the molecular basis of establishing and maintaining different hair types and structures is completely unknown.
Based on expression patterns, insulin-like growth factor I (IGF-I) and insulin-like growth factor binding proteins (IGFBPs) might also play a major role in mammalian skin. IGF-I appears to be exclusively expressed by mesenchymal cells of the dermis and the dermal papilla, whereas its cognate receptor IGF-IR is present in epithelial as well as in dermal compartments of the hair follicle (Hodak et al., 1996; Little et al., 1996; Rudman et al., 1997; Tavakkol et al., 1992) . Of the six high affinity IGF-binding proteins, three have been demonstrated to be expressed in the human hair follicle. While Igfbp3 and Igfbp5 are predominantly expressed in cells of the dermal papilla, Igfbp4 expression peaks at the border between dermal papilla and epithelial matrix (Batch et al., 1996) . In mouse, IGFBP3 protein has been localised to the zone of follicular apoptosis at the onset of the regression phase of the hair cycle which has been interpreted as a direct effect of p53 expression (Botchkarev et al., 2000; Botchkarev et al., 2001) . A recent analysis of gene expression during the murine hair cycle confirmed expression of Igfbp3 in the dermal papilla of hair producing follicles; nonetheless, expression during the growth phase is much weaker than in the regression phase, which may imply a role of Igfbp3 in the process of hair follicle regression (Schlake et al., 2004) . IGF-I has been shown to act as a potent mitogen supporting cell growth and survival (Stewart and Rotwein, 1996) . Nevertheless, some data reveal a role also in differentiation (Hsieh et al., 2004; Musaro and Rosenthal, 1999) . Insulin-like growth factor binding proteins 1-6 are characterised by their potential to bind IGF-I with very high affinity as opposed to some low affinity binding proteins such as Mac25 and Ctgf which are also called IGFBP7-10 (Kim et al., 1997) . Although IGFBPs show tissue-specific expression patterns, the major source of IGFBP3, for instance, is the liver. The protein from the liver serves as a carrier molecule for IGF-I in the blood stream (Baxter and Martin, 1986; Hossenlopp et al., 1987) . Interestingly, IGFbinding proteins behave totally different depending on experimental conditions. An interplay of IGF-I and IGFbinding proteins either results in an agonistic effect probably due to the delivery or presentation of IGF-I by IGFBPs or causes an antagonistic outcome by preventing the binding of IGF-I to its receptor (Clemmons, 1992) . Surprisingly, members of the IGFBP family appear to have also IGFindependent functions, but it is still unclear whether these effects are mediated by an as yet unknown receptor (Hong et al., 2002; Rajah et al., 1997) . Indeed, some data support a direct mechanism, since IGF-binding proteins are not only present in the extracellular compartment but can be internalised via distinct endocytic pathways and are even found in the cell nucleus (Lee et al., 2004) .
According to the available data, IGF-I mainly acts as a mitogen on the epidermal compartments of the skin, i.e. epidermis and hair follicle. Early evidence came from in vitro cultures of human hair follicles in the growth phase. Withdrawal of IGF-I from the medium induced a transformation reminiscent of the regression phase of the hair cycle which is characterised by a stop of proliferation in the epithelial compartment (Philpott et al., 1994; Tezuka et al., 1990) . On the contrary, transgenic expression of Igf-I in the interfollicular epidermis causes epidermal hyperplasia, whereas ectopic expression in the hair follicle stimulates vibrissa growth (Bol et al., 1997; Su et al., 1999) . Mice deficient for either Igf-I or Igf-II show no apparent epidermis or hair follicle phenotype (DeChiara et al., 1990; Liu et al., 1993) . Double deficient mice as well as Igf-Ir ablated animals reveal epidermal hypoplasia and fewer hair follicles that are retarded in their development (Liu et al., 1993) .
In contrast to Igf-I, Igf-II and Igf-Ir, nothing is known about the biological function of IGF-binding proteins in the hair follicle. Furthermore, most descriptive work has been done on human hair follicles and only little is known about the situation in murine skin. Until today there are only two reports dealing with transgenic expression of Igfbp3. Using various ubiquitously active promoters, slightly elevated serum levels of IGFBP3 were detected, but no phenotypic effects on hair follicles or skin have been documented (Modric et al., 2001; Murphy et al., 1995) . Likewise, no hair phenotype has been reported for mice ubiquitously expressing an Igfbp5 transgene (Salih et al., 2004) .
In the present report we identify Igfbp5 as the first molecular marker that distinguishes among distinct hair follicle types. Its expression sites in the medulla of zigzag hairs correlate with the location of their characteristic bends. Transgenic Igfbp5 expression in the hair follicle indeed causes an abnormal curvature and thinning of the hair shaft, both hallmarks of hair bends. These effects are enhanced in the presence of a mutant form of IGFBP5 with reduced affinity for IGF. In addition, natural hair shaft bending is suppressed upon excessive IGF signalling. Thus, our data show that Igfbp5 regulates hair shaft structure and follicle identity.
Results
2.1. Igfbp5 is expressed in murine skin throughout the hair cycle IGF-I and various IGF-binding proteins are expressed in the mature hair follicle (Batch et al., 1996; Tavakkol et al., 1992) . Interestingly, most of them are expressed by dermal papilla cells during distinct phases of the hair growth cycle (Batch et al., 1996; Schlake et al., 2004; Tavakkol et al., 1992) . Since the dermal papilla is thought to control various aspects of hair follicle biology, IGF signalling might play an important role in these processes. IGFBP5 is one member of this signalling pathway and neither its expression pattern in mouse skin nor its function has been studied yet.
During the entire lifetime of a mouse, the mature hair follicle cycles through phases of growth (anagen), regression (catagen), and resting (telogen). The analysis of the global gene expression profile of the murine hair cycle identified many genes with cyclic expression patterns in skin (Schlake et al., 2004) . For instance, Igfbp3 is expressed in the dermal papilla; mRNA levels dramatically increase during the regression and early resting phase (Schlake et al., 2004) . Likewise, Igfbp5 expression in skin peaks during the regression and resting phase of the murine hair cycle (Fig. 1A) .
From our global expression studies it appeared that IGFBP5 and IGFBP3 might have redundant biological functions. Unexpectedly, however, we found that the Igfbp5 expression pattern is completely different from that of Igfbp3. Igfbp5 is expressed in the dermal papilla of murine anagen hair follicles (Fig. 1C ) and in cells throughout the dermis and the subcutis (Fig. 1B,C) . At the onset of catagen, gene expression ceases in dermal papilla cells whereas expression in the dermis is maintained (Fig. 1D,E) . Igfbp5 expression in the dermis still continues during the resting phase (Fig. 1F) . Interestingly, Igfbp5 is weakly expressed in muscle cells of the Panniculus carnosum in the growth phase but transcription is significantly enhanced in telogen (Fig. 1C,F) . Thus, dermal papilla expression is anagenspecific while gene activity in the Panniculus carnosum peaks in telogen; expression in cells of the dermis and subcutis is invariant. This expression pattern and the changes in skin composition, i.e. loss of follicular material during catagen and telogen, explain the expression profile of Igfbp5 in murine skin shown in Fig. 1A .
Igfbp5 expression is the first molecular marker of hair follicle heterogeneity
By inspection of Igfbp5 expression in hundreds of murine hair follicles at postnatal day 10 we noticed that follicles differ in their expression patterns. While most follicles clearly show expression in the dermal papilla, large guard hair follicles reveal only low levels of transcription in hair matrix cells next to the dermal papilla ( Fig. 2A ). In addition, (A) According to previous microarray analyses of the murine hair cycle (Schlake et al., 2004) , relative expression levels of Igfbp5 in skin peak during the regression and resting phase. Expression data were normalised by adjusting the sum of Signal values for all time points to 1. (B-F) The expression pattern of Igfbp5 was analysed by non-radioactive in situ hybridisation. Expression in some cells of the dermis and subcutis is permanent throughout the hair growth cycle (B,D,F). Expression in the Panniculus carnosum is weak in anagen (C), but significantly increases in telogen (F). Expression in the dermal papilla is restricted to the growth phase (C,E). d, dermis; Pc, Panniculus carnosum; sc, subcutis. Scale bars: 50 mm. Igfbp5 is heterogeneously expressed in hair follicles. Expression of Igfbp5 in murine hair follicles during the first growth phase of the hair cycle was analysed by non-radioactive in situ hybridisation. (A) Expression is very low and restricted to hair matrix cells next to the dermal papilla in large guard hair follicles (arrows). (B) Some follicles do not show any significant expression at all (matrix, dermal papilla: arrow; medulla: arrowhead). (C-F) Most hair follicles reveal Igfbp5 expression in various combinations in the medulla and the dermal papilla. In some follicles, Igfbp5 is expressed in the precursors of the medulla (arrows), but appears to be absent from the dermal papilla (C). Several follicles co-express Igfbp5 in the dermal papilla and the medulla, whereby the zone of medullary expression differs between follicles (D,E). The majority of follicles expresses Igfbp5 exclusively in the dermal papilla (F). Scale bars: 50 mm. some follicles definitely show no significant expression at all, neither in the dermal papilla nor in the epithelial part of the follicle (Fig. 2B) . Thus, whereas the morphological differences between distinct hair and hair follicle types are known for a long time, Igfbp5 is the first transcript that reveals hair follicle heterogeneity at the molecular level. Based on normal frequencies of hair types (guard: 1-3%, awl: 30%, zigzag: 65-70%) it is obvious that at least part of the follicles with Igfbp5 expression in the dermal papilla (about two thirds) must belong to the zigzag type; intriguingly, the fraction of Igfbp5-negative follicles (about one third) corresponds to the awl type fraction.
Analysis of hundreds of hair follicles representing different time points during the growth phase revealed an even more complex expression pattern of Igfbp5 (Fig. 2C-F) . Some hair follicles show strong gene expression in the precursor cells of the medulla, the internal structure of the hair shaft, but lack Igfbp5 transcription in the dermal papilla (Fig. 2C ). On the other hand, those follicles with gene expression in the dermal papilla differ with respect to gene transcription in the hair medulla. While the majority of follicles does not show any Igfbp5 expression in the medulla, some follicles reveal high levels of transcription in the medullary compartment with different positions along the proximo-distal axis (Fig. 2D-F) .
Segmental Igfbp5 expression in the hair medulla is associated with the bends of zigzag hairs
Do these distinct expression patterns reflect permanent differences between hair follicles or are they the manifestation of some cyclic process within one type of hair follicle? As mentioned above, by frequency the follicles with Igfbp5 expression in the dermal papilla may represent zigzag hair follicles. Further, zigzag hairs are characterised by three to four bends, i.e. thin and curved hair shaft structures, separating stretches of straight hair shaft. Thus, some sort of cyclic process must occur in the follicles to give rise to the zigzag structure.
To examine whether these processes are associated with the striking expression pattern of Igfbp5, we first determined the type of follicles which show Igfbp5 expression in the medulla. Since awl and zigzag hair follicles can usually not be distinguished on sections, we made use of whole mount in situ hybridisations on isolated hair follicles. The associated hair shafts allowed an unequivocal classification of follicle types. The four hair types, guard, awl, zigzag, and auchene, differ in length, number of medulla columns and the presence and number of bends. Guard hairs consist of long, straight hair shafts with two columns of medulla cells. Awl hairs are similar to guard hairs, but shorter, and contain two or more medulla columns. Auchene hairs differ from awl hairs by the presence of a single, sharp bend within their hair shaft. Finally, zigzag hair shafts possess only a single column of medulla cells and 3-4 bends. Interestingly, expression of Igfbp5 in various areas of the medulla was exclusively associated with zigzag hair follicles ( Fig. 3A-F) .
To test whether the transcription of Igfbp5 is linked to the bent structure of zigzag hairs, we performed in situ hybridisations on serial sections of full thickness skin. These analyses clearly demonstrate that the hair shaft is much thinner than normal in the region of Igfbp5 expression (Fig. 3G-K) . Furthermore, the structure of the medulla is changed and, again, much thinner than in the majority of hair follicles (Fig. 3L,M) .
Ectopic Igfbp5 expression in the hair follicle causes curvature and thinning of hairs
Based on the data presented so far, we developed the following hypothesis for Igfbp5 expression and function in zigzag hair follicles (Fig. 4A) . At some point of the hair cycle Igfbp5 expression switches from the dermal papilla to the adjacent hair matrix, i.e. the precursors of the medulla. Strong expression in the epithelial precursor cells suppresses Igfbp5 transcription in the dermal papilla and in further epithelial cells, thereby producing a small zone of Igfbp5 expressing keratinocytes. While differentiating, the Igfbp5 positive keratinocytes move along the proximodistal axis of the follicle and give rise to the bent structure of the hair shaft. By moving away from the dermal papilla, the suppressive effect of Igfbp5 positive epithelial cells decreases and Igfbp5 expression in the dermal papilla is restored. In principle, the decreasing Igfbp5 effect on the dermal papilla might also trigger the switch of expression from the dermal papilla to the hair matrix. An obvious question that arises from this model is whether Igfbp5 expression in the hair medulla is just indicative of the forming bends of zigzag hairs or whether it is functionally involved in the generation of these structures.
To directly address this problem, we generated transgenic mouse lines which express Igfbp5 under the control of the involucrin promoter. This promoter drives strong gene expression in the inner root sheath and in the medulla of hair follicles (Carroll et al., 1993) . We investigated four independent transgenic lines all of which have an abnormal appearance of the hair coat. Their pelage looks rough and slightly wavy as compared to wildtype littermates. Transgene expression levels and the severity of the phenotype differ only moderately between independent lines (data not shown). Whereas guard and awl hairs of wildtype animals are quite straight, these hair types reveal a marked curvature in all transgenic mice (Fig. 4B) . Furthermore, transgenic zigzag hairs are less than two thirds in diameter as compared to the corresponding wildtype hair shafts (P!0.0001) (Fig. 4C,D) but still contain bends. Thus, transgenic hair shafts show two defining features characteristic for the bends of zigzag hairs. In contrast to ivl::Igfbp5 transgenic mice, ivl::Igfbp3 mice do not have curved hairs (data not shown).
Segmental Igfbp5 expression in the hair medulla is not affected in Igfbp5 transgenic mice
According to our interpretation of the endogenous follicular Igfbp5 expression pattern and its biological role, continuous expression of the transgene in the vicinity of the dermal papilla should inhibit gene activity in this compartment. As expected, the transgene is permanently active at high levels throughout the growth phase in the inner root sheath and the medulla of hair follicles (Fig. 4F) . Interestingly, endogenous Igfbp5 expression appears to be absent in dermal papilla cells of ivl::Igfbp5 transgenic mice (Fig. 4G) . In phase 1, expression is restricted to the dermal papilla. Upon an unknown stimulus, Igfbp5 expression switches to the precursors of the medulla in the hair matrix in phase 2. Strong expression in the matrix suppresses gene activity in the dermal papilla. In phase 3, the zone of Igfbp5 positive medulla cells moves along the proximo-distal axis and expression is restored in the dermal papilla. Finally, a new cycle starts with phase 1. (B) Hair coat features of ivl::Igfbp5 transgenic mice. Whereas guard and awl hairs are quite straight in wildtype mice (top), transgenic mice develop significantly curved guard and awl hairs (bottom). Of note, the direction of curvature is either alternating as in zigzag hairs to give hair shafts with a Slike shape or fixed over the full length of the hair shaft. (C,D) The diameter of transgenic zigzag hairs is significantly reduced (P!0.0001). The mean diameter and the standard deviation are shown in (D) (nZ12). (E,F) Transgenic Igfbp5 expression levels were determined using a probe specific for the Igfbp5 open reading frame. The observed effects on the hair structure are associated with strong Igfbp5 expression in transgenic hair follicles (F) as compared to wildtype littermates (E). (G,H) In transgenic mice, expression of the endogenous Igfbp5 locus was addressed using a 3 0 -UTR-specific probe. Expression in the hair medulla is not affected by ectopic Igfbp5 transcription (H), but transgenic dermal papillae appear to lack endogenous gene expression (G). Scale bars: 100 mm.
Nevertheless, mice with ectopic expression of Igfbp5 continue to develop hairs with a zigzag structure. This suggests that the switch of gene expression from the dermal papilla to the hair matrix as such cannot be the trigger for the introduction of bends. Of note, segmental expression of the endogenous Igfbp5 gene is preserved in the hair medulla of ivl::Igfbp5 transgenic mice (Fig. 4H) , and its superimposition onto transgene expression is likely to be responsible for the formation of bent hair shaft structures.
The effects of Igfbp5 in the hair follicle are antagonised by IGF signalling
IGFBPs act either as agonists or antagonists of IGF signalling and appear to have also IGF-independent functions which might be suppressed by the presence of IGF. To elucidate the role of IGF signalling in IGFBP5-mediated effects, we generated transgenic mouse lines that express a mutant form of IGFBP5 (Bp5mut) which binds IGF with a significantly reduced affinity (Imai et al., 2000) . The overall appearance of ivl::Bp5mut transgenic mice is similar to ivl::Igfbp5 mice. Hair shafts show a remarkable curvature which is even enhanced in Bp5mut mice as compared to Igfbp5 transgenic mice (Fig. 5A) . In addition to the overall curvature, Bp5mut hair shafts are wavy and show an irregular shape with many constrictions on the microscopical level (Fig. 5B) . Semi-quantitative expression analyses (e.g. signal intensities and the time response of staining of in situ hybridisations) indicate that this effect is not due to increased transgene expression in ivl:Bp5mut mice as compared to ivl::Igfbp5 animals (data not shown). Thus, our data support the conclusion that the IGFBP5-mediated curvature of hair shafts is antagonised by IGF signalling, since curvature is enhanced in the presence of an IGFBP5 variant with decreased affinity for IGF. To get further evidence for a suppressive role of IGF signalling on hair shaft bending, we generated ivl::Igf-I transgenic mouse lines. Three independent lines showed strong transgene expression in the inner root sheath and medulla of hair follicles and had a rough appearance of their pelage. The most prominent defect in these mice is the complete lack of any bent hair shaft structures (Fig. 5C ). Despite the lack of zigzag and auchene hairs, ivl::Igf-I transgenic mice have normal numbers of pelage hair. Interestingly, these mice still show expression of Igfbp5 in the dermal papilla and hair shaft medulla, indicating the presence of zigzag hair follicles that do not produce hair shaft bends any longer (Fig. 5D ).
Discussion

Functions of IGF signalling in the hair follicle
Igf-I and several IGF-binding proteins are expressed in the hair follicle, suggesting an important role in one or more aspects of hair follicle biology. Although IGF-I takes part in differentiation processes, its mitogenic activity appears to be the most prominent function (Hsieh et al., 2004; Musaro and Rosenthal, 1999; Stewart and Rotwein, 1996) . In skin, this interpretation is supported by the hyperproliferation of Igf-I-positive epidermis and the increased length of Igf-I expressing whiskers in transgenic mouse models (Bol et al., 1997; Su et al., 1999) . IGF-I may also have an influence on the progression of the hair cycle, since medium lacking IGF-I causes in vitro cultured hair follicles to enter a regression-like state (Philpott et al., 1994) . It is unknown whether this effect is solely a consequence of the inhibition of cell proliferation.
The biological function of IGF-binding proteins in the skin and the hair follicle has not yet been investigated. (Bp5mut) that does not efficiently bind to IGF are severely curved. This effect on hair structure is enhanced as compared to ivl::Igfbp5 transgenic mice (Bp5) and becomes most obvious for zigzag hairs (see also Fig. 4B ). Whereas the zigzag structure is quite preserved in Bp5 mice, zigzag hairs can be hardly identified on the macroscopical level in Bp5mut mice. (B) On the microscopical level, the hairs shafts of Bp5 mice form a regularly shaped and only slightly and homogeneously curved structure. In contrast to this, Bp5mut mice develop a wavy hair structure in addition to the overall hair shaft curvature. Furthermore, the shape of Bp5mut hair shafts is rather irregular due to the presence of numerous constrictions. (C) ivl::Igf-I transgenic mice lack any hair shaft bending. The pelage of wildtype mice consists of four different hair types two of which (zigzag and auchene) contain one or more bends within their hair shafts. In contrast to this, Igf-I transgene expression causes a lack of any hair shaft bending thereby dramatically increasing the number and percentage of straight, awllike hairs at the expense of typical zigzag and auchene hairs. The overall number of pelage hairs is normal in ivl::Igf-I transgenic mice. (D) Nonradioactive in situ hybridisation demonstrates that Igfbp5 is still expressed in dermal papillae and medullae of ivl::Igf-I transgenic hair follicles. Scale bars: 100 mm.
Based on what is known about their properties under various conditions, they may act as agonists or antagonists of IGF-I mediated signalling. Thus, they may contribute to the proper control of cell proliferation in the hair follicle during the growth phase. The expression pattern of Igfbp3 suggests that it may play a role in the control of the onset of the regression phase of the hair cycle. While weakly expressed in dermal papilla cells of anagen follicles, gene activity dramatically increases at the end of the growth phase (Schlake et al., 2004) . Strong Igfbp3 expression might act to inhibit IGFdependent cell proliferation. Alternatively, it may operate along an IGF-independent pathway, thereby enhancing programmed cell death which takes place in the regressing follicle (Seiberg et al., 1995; Weedon and Strutton, 1981) .
In the present work we have concentrated on Igfbp5 which is also expressed in the hair follicle. In contrast to Igfbp3, it has a more widespread expression pattern. It is also expressed in the dermal papilla of anagen hair follicles but, additionally, is synthesised by some cells in the dermis and subcutis as well as by the muscle cells of the Panniculus carnosum. Expression in the latter compartment increases for unknown reasons during catagen and telogen. Thus, Igfbp5 might have many functions in skin tissues. In the hair follicle, the temporal expression pattern of Igfbp5 is different from that of Igfbp3. While it is expressed during the growth phase, follicular tissues are negative for Igfbp5 during catagen and telogen. Again, this divergence of expression behaviour points to different roles of Igfbp3 and Igfbp5. What are the biological functions of Igfbp5 in skin? The phenotype of ivl::Igfbp5 transgenic mice indicates that IGFBP5 is a negative regulator of cell proliferation in the hair follicle. All hair shafts are significantly shorter than in wildtype littermates which is neither due to apoptosis within the hair follicle nor a consequence of a shortened growth phase of the hair cycle (data not shown). A suppressive effect on cell division is further supported by the fact that strong endogenous gene expression is restricted to zigzag hairs. Their hair shafts contain only one column of medulla cells whereas those of guard, awl, and auchene hairs possess two or more columns. Again, this difference is not caused by follicular apoptosis (data not shown) and may be due to reduced cell proliferation. A possible role of Igfbp5 in the limitation of cell proliferation in the hair follicle is also corroborated by the observation that its expression is significantly enhanced in stem cells of the hair bulge which represent a population of slowly cycling cells Tumbar et al., 2004) .
How to make zigzag hairs
The expression pattern of Igfbp5 in the hair follicle and the phenotype of ivl::Igfbp5 transgenic mice suggest that Igfbp5 also plays a role in the differentiation of the hair shaft, thereby contributing to the determination of the hair type. The murine hair coat consists of four different hair types that differ in length, number of medulla columns, and the presence and number of bends. The respective follicles are formed during consecutive waves of induction in embryogenesis. A prerequisite of establishing and maintaining different hair follicle types is the existence of different inductive processes that translate into distinct molecular patterns within the mature follicle.
Signalling of EDA-A1 via EDAR and the inhibition of BMP signalling by Noggin have been implicated in the control of the induction of distinct hair follicle types (Botchkarev et al., 2002; Headon and Overbeek, 1999; Laurikkala et al., 2002) . Although the different hair follicle types can be distinguished by the timing of their induction and, in principle, by the characteristics of the hair shaft they produce, no distinguishing molecular marker was available up to now. Therefore, the unequivocal distinction among different hair follicle types was not possible on sections. Occasionally, guard hair follicles can be identified on sections by their extraordinary size and/or the presence of two sebaceous glands. We have identified Igfbp5 as the first hair type specific gene. Large guard hair follicles show low level expression in matrix cells next to the dermal papilla which are probably precursors of the medulla. Zigzag hairs are the only hair type with Igfbp5 expression in the differentiating medulla; expression levels are extremely high. Most likely, dermal papilla expression of Igfbp5 is also restricted to zigzag hair follicles whereas awl hair follicles do not show any detectable level of gene transcription at all. This interpretation of data is based on frequencies and on the co-expression of Igfbp5 in the dermal papilla and medulla of some follicles but cannot be hard proven with the available information and tools. It will be interesting to determine how the diverse Igfbp5 expression patterns are established and maintained.
Which molecular mechanisms control the production of different hair types? To elucidate these processes, mutant mice in which distinct hair follicles are replaced by follicles of a different type are of special interest. As such, Eda and Edar deficient animals as well as Eda-A1 transgenic mice might be quite instructive. Although they have about normal numbers of hair follicles, Eda and Edar deficient mice only possess a single hair type reminiscent of awl hairs (Cui et al., 2003; Sundberg, 1994a; Sundberg, 1994b) . On the other hand, zigzag hairs are substituted by a distinct hair type in Eda-A1 transgenic mice (Mustonen et al., 2003; Zhang et al., 2003) . The molecular effects of these genetic alterations have not yet been investigated. Three pieces of evidence support the notion that Igfbp5 may be functionally involved in the production of different hair types. Firstly, medullary synthesis of Igfbp5 is associated with the bent structure of zigzag hairs. Secondly, transgenic Igfbp5 expression in the hair follicle significantly reduces the diameter of zigzag hairs and gives rise to curved hair shafts. Both features, thinning and curvature of hair shafts are hallmarks of the bent structure of zigzag hairs. Thirdly, the curvature of hair shafts is enhanced when using a mutant form of IGFBP5 that shows reduced affinity for IGF (Bp5mut). The important role of IGF signalling in the bending process is further indicated by the lack of any hair shaft bends in Igf-I transgenic mice, although they still possess zigzag hair follicles as indicated by the expression of Igfbp5 in dermal papillae and hair shaft medullae. In summary, the available data strongly support a functional involvement of Igfbp5 in the generation of hair shaft bends, a characteristic feature of some hair types. Due to the low frequency of auchene hairs of about 0.1%, we cannot decide whether Igfbp5 is also associated with their single bent structures.
What is the mode of action of IGFBP5 and IGF-I? Does endogenous IGFBP5 act in an IGF-independent manner that, in an artificial, i.e. transgenic situation, can be repressed by excessive IGF-I, or does endogenous IGF signalling in the hair follicle suppress hair shaft bending and is periodically repressed by IGFBP5, thereby inducing hair shaft bending? Whereas some results do not discriminate between these two alternatives, at least two lines of evidence support the first model. Firstly, whereas the first model predicts an increased effect in Bp5mut mice which has actually been observed, the second model suggests a decrease of curvature. Secondly, according to the second model transgenic Igfbp3 expression should have similar effects as ectopic Igfbp5. Our data clearly demonstrate that the induction of curved hair shafts is specific to Igfbp5.
Is Igfbp5 sufficient for hair shaft bending? Although Igfbp5 expression in the hair medulla causes thinner and curved hairs, the hair shaft is still thicker than that formed within the bent structures. This difference is not due to insufficient transcript levels of Igfbp5, since these are much higher in ivl::Igfbp5 transgenic follicles than in their wildtype counterparts. Therefore, this suggests the participation of additional factors in the bending process. Nevertheless, the absence of bent hair shaft structures in ivl::Igf-I transgenic mice stress the essential role of Igfbp5 and IGF signalling in hair shaft bending.
Our data suggest the following model of oscillating Igfbp5 expression in zigzag hair follicles (Fig. 4A) : In phase 1, expression is restricted to the dermal papilla. In phase 2, Igfbp5 expression switches from the dermal papilla to the adjacent hair matrix upon unknown signals. Endogenous Igfbp5 expression patterns in wildtype and ivl::Igfbp5 transgenic mice suggest that Igfbp5 expression in the dermal papilla is suppressed by high gene activity in neighbouring cells. High levels of Igfbp5 expression also inhibit the production of further Igfbp5-positive keratinocytes. In phase 3, a zone of Igfbp5 expressing keratinocytes moves along the proximo-distal axis of the follicle and Igfbp5 expression in the dermal papilla is eventually restored. Finally, a new cycle starts with phase 1. Albeit negative for Igfbp5 expression in the dermal papilla, ivl::Igfbp5 transgenic mice still show segmental expression of endogenous Igfbp5 in the medulla. Thus, the switch of gene expression from the dermal papilla to the hair matrix is not essential for the pulsed generation of Igfbp5-positive medulla cells. Although the involvement of other signals cannot be ruled out, in principle, regulation of Igfbp5 gene activity in the hair medulla by feedback signalling of medullary IGFBP5 might be sufficient for the control of segmental gene expression.
Experimental procedures
Histology, In situ hybridisation
Back skin from mice of various postnatal ages was fixed in 4% paraformaldehyde, paraffin embedded, and sectioned at 6 mm for hematoxylin and eosin staining or in situ hybridisation. Essentially, non-radioactive in situ hybridisations were performed as previously described (Bleul and Boehm, 2000) . Both sense and antisense strands of gene-specific fragments were used as probes. These fragments were generated by PCR using the following gene-specific primers (fragment size is indicated): Igfbp5 (3 0 UTR): nt. 2021-2040 and nt. 3175-3194 in NM_010518 (1174 bp). Igfbp5 (ORF): nt. 748-768 and nt. 1540-1560 in NM_010518 (813 bp).
Whole mount in situ hybridisation
Back skin from mice of various postnatal ages was cut into small pieces from which small hair follicle aggregates were isolated using fine forceps. Non-radioactive whole mount in situ hybridisation were performed as previously described (Thisse et al., 1993) . After staining and fixation individual hair follicles were isolated using fine forceps.
Generation of transgenic mice
The coding regions of Igfbp5 and Igf-I were amplified by PCR of P10 cDNA from skin using the following primers which contain NotI sites for subcloning: 5 0 -ACTGCGGCCGCCATGGTGATCAGCGTGGTCCTC-3 0 and 5 0 -ACTGCGGCCGCTCACTCAACGTTACTGCTGT C-3 0 for Igfbp5; 5 0 -ATGTGCGGCCGCCATGTCGTCTT-CACACCTC-3 0 and 5 0 -ATGTGCGGCCGCCCTACAT TCTGTAGGTCTTG-3 0 for Igf-I. To get an IGFBP5 variant with a reduced affinity for IGF (Bp5mut), PCR-based mutagenesis was performed. The cDNAs were cloned into an ivl expression vector that has been previously described (Carroll et al., 1993) . The transgenes were released by digestion with SalI and microinjected into fertilised eggs from FVB mice. Founder mice were bred to Balb/c mice.
Analysis of hair, hair length, and hair shaft structures
Hair was plucked from 4 weeks old mice and single hair shafts were sorted to determine the composition of the hair coat. For measurements of overall hair lengths and for the analysis of the internal structure of hair shafts, a Zeiss dissecting microscope and a Zeiss light microscope were used, respectively. Photographs were taken using a Sony and a Nikon digital camera, respectively.
